With various disadvantages of pollution control technologies for toxic metal-contaminated soil, we mixed contaminated soil with sludge for in situ composting to stabilize toxic metals, so plants are enriched to take up the toxic metals. When simulating the above, we added toxic metal solution into sewage sludge, and then composed it with steel slag to determine inhibition of the availability of toxic metals. When toxic metals were added into sludge, the potential ecological index and geoaccumulation index of Cd became high while Zn was low. Steel slag had an inhibited availability of Cd, and when the adjunction of steel slag was 7%, the availability of Cd was lowest. Steel slag promoted the availability of Zn, and when the adjunction of steel slag was 27%, the availability of Zn was highest. Results showed that during composting, with increasing steel slag, Cd stabilizing time was reached sooner but Zn stabilizing time was slower, and the availability of all metals became lower. In the end, composting inhibited the potential ecological index of Cd, but it promoted the potential ecological index of Zn. Steel slag promoted the stability of Cd and Zn as Fe/Mn oxide-bound and residual species. Therefore, composting sludge and steel slag could be used as an effective inhibitor of Zn and Cd pollution.
INTRODUCTION
With the increasing contamination of the natural environment, the problem of toxic metal in soil becomes more and more significant, especially given that toxic metals present poor mobility in soil, long retention times, and nonbiodegradability by microbes (Namasivayam & Ranganthan ) . Soil remediation methods for the purpose of removing toxic metals from polluted soil have two fundamental technologies: in situ remediation and bioremediation. In bioremediation, contaminated soil is removed and then subjected to centralized processing. However, this method is not a permanent solution, high costs are generally involved, there is failure to process highly polluted soil, and it destroys ecosystems. As such, in situ remediation technologies, including chemical stabilization technology, bioremediation, vapor extraction, electrokinetic remediation, and electromagnetic wave heating, have been developed. Despite the advantages of these technologies, physical and chemical methods used to remove toxic metals also entail high costs; furthermore, equipment used to remove toxic metals is relatively complex. Although biological toxicities can be reduced by stabilization technology through adding chemicals, the total amount of toxic metals remains unchanged and soil is potentially contaminated (Cao & Wang ; Zhang ) . In addition, toxic metal pollutants can be removed from soil by bio-concentration at low costs, but this strategy requires a long treatment period (Pinheiro et al. ; Zhang et al. ) . In this study, bioremediation was combined with stabilization technology to promote plant growth by composting sewage sludge with contaminated soil. Sludge and composting could promote the stabilization of toxic metals in soil. Plant growth subsequently led to the gradual release of toxic metals from sludge compost. The toxic metals were then absorbed by plants; thus, remediation was achieved. Therefore, sludge or composting sludge should be applied to the contaminated soil. Sludge stabilizes toxic metals in soil by in situ composting, regulates pH by the addition of steel slag, and promotes toxic metal stabilization.
This research demonstrated the changes in toxic metal speciation when these substances were added to sludge and compost. Our results provide a theoretical foundation for sludge and compost application to stabilize toxic metals in contaminated soil. In addition, this study provided a theoretical basis for remediation of toxic metalcontaminated soil by combining in situ sludge composting and phytoremediation.
MATERIALS AND METHODS

Materials
Sewage sludge was obtained from Yan'er Wan Wastewater Treatment Plant in Lanzhou City, China. The water content was decreased to 40-50% from 70-75% through natural drying, and then placed in a dry and ventilated place. The sawdust was obtained from Lanzhou University with particle size ranging from 0.1 cm to 2 cm.
The steel slag was retrieved from Gansu Yuzhong Iron and Steel Plant and sifted through a 100 mesh sieve. Fe was removed by means of magnetism.
The concentrations of toxic metal solutions are listed in Table 1 ; the concentrations of toxic metals in the sludge are kept higher than the limited concentration in basic soil as stipulated in 'The Disposal of Sludge from Municipal Wastewater Treatment Plant -The Quality of Sludge Used in Gardens or Parks ' (CJ248-2007) .
The physicochemical properties of the above-mentioned materials are given in Table 1 . The speciation and distributions of the toxic metals are shown in Tables 2 and 3,  respectively. Atomic absorption spectrometry (AAS)(Thermo M6) was used in the experiment.
Composting
Composting is performed as follows. A sprinkling can was used to spray the prepared solution evenly on the surface of the sludge. The proportion of steel slag is given in Table 4 . The composting experiment was performed in a compost bin (900 mm × 700 mm × 800 mm), and an air heater was used for forced ventilation. The experiment lasted for 54 d. The ambient temperature ranged from 21 W C to 27 W C. From the 1st day to the 20th day, the compost was stirred once a day; it was stirred twice a day after the first 20 d. The temperature of the stack center was measured twice a day (at 9:30 AM and 4:30 PM, taking the average as the stack temperature for that day). Water was added to the compost to maintain its water content between 50% and 60%. From the 1st day to the 6th day, samples were taken once every 2 days. From the 6th day to the 30th day, samples were taken once every 4 days. After 30 d, samples were taken once every 8 days. The samples were dried, ground, sifted through a 100 mesh sieve, and saved for later use.
Test methods
The test methods used in the experiment are listed in Table 5 . The chemical fractions of toxic metals were determined by the use of the sequential extraction procedure of Tessier et al. () , which is widely used in various studies of composting. The steps are listed below.
(i) Exchangeable (EXCH). The sludge was extracted at room temperature for 1 h with 8 ml of magnesium chloride solution (1 M MgCl 2 , pH 7.0) with continuous agitation. (ii) Bound to carbonates (CAR). The residue from (i) was leached at room temperature with 8 mL of 1 M NaAc adjusted to pH 5.0 with acetic acid. Continuous agitation was maintained and the time necessary for complete extraction was evaluated. (iii) Bound to Fe-Mn oxides (FeMnOx). The residue from (ii) was extracted with 20 mL of 0.04 M NH 2 OH-HCl in 25% (v/v) HAc. The experiments were performed at 96 W C with occasional agitation and the time needed for complete dissolution of the free iron oxide was evaluated. (iv) Bound to organic matter (OMB). To the residue from (iii) were added 3 ml of 0.02 M HNO 3 and 5 ml of 30% H 2 O 2 adjusted to pH 2 with HNO 3 . The mixture was heated to 85 ± 2 W C for 3 h with intermittent agitation. After cooling, 5 ml of 3.2 M NH 4 OAc in 20% (v/v) HNO 3 was added and the sample was diluted to 20 ml and stirred continuously for 30 min. (v) Residual (RES). The residue from (iv) was digested with HCl þ HNO 3 þ HF þ HClO 4 (1:4:1) at 180 W C and then determined using Thermo M6 AAS.
Between each extraction, the samples were centrifuged (5,000 rpm for 30 min) and filtered. The filtrate was digested with HCl þ HNO 3 þ HF þ HClO 4 (1:4:1) at 180 W C before being used for the determination of toxic metal concentration using Thermo M6 AAS.
RESULTS AND ANALYSIS
Evaluation of temperature, pH and organic matter
As shown in Figure 1 , a slower rise in temperature was observed in composting sludge with steel slag compared to the control. The control entered the cooling phase at day 18, while sludge with a 7-21% steel slag amendment had a longer thermophilic phase of about 22 d, respectively, which reflected that the steel-amended sludge compost was able to maintain a sufficient microbial population for organic degradation. Addition of steel slag at 7-35% increased the initial pH of the composting mixture effectively to 6.96-8.05, respectively ( Figure 1 ). The changes in pH of the steel-amended sludge compost showed a similar trend to the control. At the end of composting, the pH of all steel-amended sludge compost was significantly higher than the control, which was 7.68-8.50, respectively. Organic matter was lower in steel-amended sludge compost compared to the control (Figure 1) . Steel slag as a bulking material has the ability to increase the porosity of the substrate and as a result, to improve the composting process and the biodegradability of the organic matter. In addition, steel slag could dilute the content of organic matter. Sludge compost with or without steel treatment in the present experiment reached maturation after 22 d of composting, which indicates that the addition of steel did not affect the length of maturation for sewage sludge compost. Changes in toxic metal speciation when they were added to sewage sludge () demonstrated that 80% of exogenous toxic metals are adsorbed in 10 min after these metals are added to sludge when organic matter (>14%) and clay content (>60%) are high. Likewise, after Zn was added to sludge, it reacted rapidly with the chemical components of sludge and inhibited the transformation of Zn to Fe/Mn oxide-bound and organic matter-bound (2.21% to 3.76%) forms because steel slag improved pH in sludge. The pH and carbonate content elicit considerable effects on sorption and the morphological characteristics of toxic metals (Xia et al. ) . As steel slag increased, carbonate-bound forms gradually increased; by contrast, organic matter-bound and Fe/Mn oxide-bound forms gradually decreased. So, steel slag promoted the availability of Zn. When the adjunction of steel slag was 27%, the availability of Zn was highest.
Speciation of toxic metals during control composting
As shown in Figure 2 , before Cd forms had stablized, the results showed that carbonate-bound, Fe/Mn oxide-bound, and organic matter-bound were converted from the exchangeable form. After composting for 22 d, considerable transformations occurred among various species. Exchangeable decreased from 31.75% to 11.60%, carbonate-bound forms decreased from 29.37% to 27.10%. By contrast, Fe/Mn oxide-bound and organic matter-bound forms increased from 32.10% to 50.90% and from 6.14% to 9.23%, respectively. Therefore, the main occurrence involved transformation from exchangeable state to Fe/Mn oxide-bound state because NH 3 nitrification occurs in this stage (Jia et al. ) ; NH 3 nitrification results in a decrease in local pH and in an increase in oxidation-reduction potential. In the entire process, organic matter-bound Cd gradually increased. These findings are consistent with those of Chanmugathas & Bollag (), in which microorganisms can promote the dissolution of Cd combined with low-molecular weight organic acids. After composting for 26 d, Cd forms remained unchanged to the end; this result showed that Cd forms reached stability during composting for 26 d. Final exchangeable, carbonate-bound, Fe/Mn oxide-bound, organic matter-bound, and residual form contents were found to be 9.69%, 14.52%, 60.51%, 14.55%, and 0.72%, respectively.
Changes in Zn species were simple during the entire composting process (Figure 3 ). Considerable transformation among species occurred at 4 d to 6 d. Exchangeable forms decreased from 21.55% to 6.03%, whereas carbonate-bound species increased from 16.56% to 28.98%. Fe/Mn oxidebound, organic matter-bound, and residual forms remained unchanged. Therefore, the process likely involves transition from exchangeable form to carbonate. During the entire process, Fe/Mn oxide-bound species maintained a high level (51.20-61.58%). These results are consistent with those in a previous study (Cai et al. ) , in which Zn is mainly increase was associated with the increase in pH. Likewise, Fe/Mn oxide-bound content gradually increased as steel slag was added. Conversely, organic matter-bound species decreased as the amount of steel slag increased. The residual form increased as steel slag increased. With increasing content of steel slag, Cd stabilization was sooner and its availability was lower.
Changes in Zn speciation during composting of sewage sludge with steel slag
In Figure 5, compared residual Zn. With increasing content of steel slag, Zn stabilization was slower but its availability had become lower.
Potential ecological risk assessment
Ecological risk assessment is to assess whether adverse ecological effects may occur or are in the process of happening due to one or more external factors. It is used to assess future ecological adverse effect or the possibility of ecological change due to certain factors in the past. In this paper, potential ecological index method and geoaccumulation index method were used to evaluate the pollution degree of toxic metals added into sludge and compost. Hakanson () proposed the potential ecological index method, which is one of the most commonly used methods in evaluating toxic metal pollution. The formula is as follows:
In the formula, C n is the content of element n in the sediments (mg/kg). This paper used the sum amount of exchangeable and carbonate-bound species. Bn is the geochemical background value of elements in the sediment (mg/kg). This paper uses Cd and Zn exchangeable and carbonate-bound species combined in sludge from Lanzhou Wastewater Treatment Plant. Finally, T i r reflects the strength of toxic metal toxicity. In this paper, Cd ¼ 30 and Zn ¼ 1.
The index of geoaccumulation composed by Muller (), a German scholar, was proposed in 1969. This method is widely used as a quantitative indicator of the degree of toxic metal pollution in sediment research. Geoaccumulation is calculated as follows:
In this equation, C n is the content of element n in the sediment (mg/kg). This paper uses the sum of exchangeable and carbonate-bound species. B n is the geochemical background value of elements in the sediment (mg/kg). This paper uses Cd and Zn exchangeable and carbonatebound combined in sludge from Lanzhou Wastewater Treatment Plant. K is the coefficient of variation of the background value, which is K ¼ 1.5.
In Table 8 , after toxic metals were obtained, the Cd potential ecological index was extremely high at >360 (the degree of ecological risk is serious). This result showed that the applied toxic metals considerably increased the ecological risk of Cd. However, the Cd ecological index in the mixture of steel slag and sludge was lower than that in the pure sludge, showing that slag slowed the ecological risk of toxic metals. After composting, although >360 (the degree of ecological risk is serious), the Cd ecological index in the mixture was considerably reduced, decreasing to 29% of the original in composting pure sewage; this finding showed that compost sludge weakened the ecological risk degree of Cd. Compared with compost pure sewage sludge, the ecological index of Cd was lower in composting sewage sludge with steel slag, which was at 12-17% of the original. Therefore, steel greatly weakened the ecological risk degree of Cd. After adding Zn, the toxic metal potential ecological index was low at less than <40 (degree of ecological risk is low). This result showed that pollution from additional toxic metal Zn on sludge was low. Zn ecological index in the mixture of steel slag and sludge was lower than that in the pure sludge, thus showing that slag slowed the ecological risk of toxic metals. Although <40 (degree of ecological risk is low) after composting, the Zn ecological index of each mixture increased in pure sludge compost, which showed that sludge compost enhanced the degree of ecological risk for Zn. The Zn ecosystem index was smaller in composting sludge with steel slag. Therefore, steel slag weakened the ecological risk degree of Zn in composting sludge. After toxic metals were obtained, Cd geoaccumulation was >5 (the degree of pollution is extremely strong), which showed that the presence of toxic metals lead to serious pollution of Cd in sewage sludge. The influence of steel slag on the geoaccumulation of Cd was small. Although higher than 5 after composting, geoaccumulation of Cd showed a decrease by 1.8 in pure sewage and 2.19 to 3.01 in the mixture of sewage sludge and steel slag. The difference between various amounts of steel slag was insignificant, which showed that steel slag promoted a weakening effect on the pollution level of Cd in the composting process. After Zn was added, Zn geoaccumulation was 4.03 to 4.27. The pollution level was 5, and the degree of pollution was strong-to-strong. This result indicated that toxic metals represent a certain amount of Zn pollution on sludge. After composting, Zn geoaccumulation was 4.34 in pure sewage sludge, which indicated an increase, and a mild boost to Zn pollution was observed. However, Zn geoaccumulation had decreased by 0.25 to 0.49 in composting sewage sludge with steel slag. The final result was 3.68 to 3.99, the pollution level was 4, and the degree of pollution was strong. Steel slag presented a depressing effect on the pollution of Zn. Therefore, steel slag presented an inhibitory effect on the Zn and Cd potential ecological index and on geoaccumulation in sludge and during composting.
CONCLUSION
When toxic metals were added into sludge, Zn converted to Fe/Mn oxide-bound (49.43%) immediately, but Cd showed little change. So, the potential ecological index and geoaccumulation index of Cd became high while Zn was low. Steel slag had inhibited availability of Cd, when the adjunction of steel slag was 7%, availability of Cd was lowest. Steel slag promoted availability of Zn, when the adjunction of steel slag was 27%, availability of Zn was highest. Results showed that during composting, with increasing steel slag, Cd stabilization time was sooner but Zn stabilization time was slower, their availability all become lower. In the end, composting inhibited the potential ecological index of Cd, but it promoted the potential ecological index of Zn. Steel slag promoted stability of Cd as Fe/Mn oxide-bound (61.56-71.52%) and residual species (0.9-6.03%), and it promoted Zn transformation to Fe/Mn oxide-bound (59.99-63.31%) and residual fractions (1.76-3.51%) during composting. Therefore, composting sludge and steel slag could be used as an effective inhibitor of Zn and Cd pollution.
